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Abstract:Theoretical horizontal displacements caused by the 2004 Sumatra earthquake in the Sichuan-Yunnan 
area have been calculated according to a spherical dislocation theory and an earthquake-fault model. The re-
sults show that the theoretical displacements are basically consistent with the GPS observations in situ. On this 
basis , we have calculated the co-seismic displacements , strains , changes of gravity and geoid nf the whole 
Earth, including China maiuland and vicinity, caused by this earthquake. 
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1 Introduction 
The Sumatra earthquake on December 26 , 2004 caused 
a devastating tsunami that hit coastlines across the In-
dian Ocean, and killed about 310000 people. The rup-
ture began from the epicenter and expanded north-
northwestward, extending 1200-1300 km along the An-
daman trough 111 • The earthquake provided a good op-
portunity to study co-seismic deformation fields in far 
field , because theoretically co-seismic displacements of 
such a great earthquake should exist all around the 
world 121 and because deformations are actually ob-
served beyond the near field. For example, co-seismic 
displacements were observed by GPS at points with epi-
central distsnce about 4500 km1'·'1• Co-seismic 
groundwater-level and strain changes were observed at 
epcentral distsnces of about 6000 km1'-'1• Significant 
co-seismic deformations were also observed in China 
Maiuland and its vicinity, at epicentral distsnces of 
more than 2<XXl km1'·'·'1• However ,most studiea in China 
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maiuland are limited to data processing and discus-
sions , and there is a lack nf further explanation with 
suitable theories. 
There are many methods to model a seismic source , 
among which the most commonly used is dislocation 
theory. Since Steketee' s[to] introduction to the seismic 
studies, dislocation theories have been developed very 
quickly. The earth models used in these theories are 
getting closer and closer to the real Earth I 11 -!4 I . The co 
- and post-seismic deformations caused by thousand 
earthquakes have been well explained by dislocation 
theories. For near-field deformations, the earth' s curva-
ture is practically negligible , and the earthquake can be 
modeled as dislocation movements along a finite fault 
plane buried in a half-space medium. Using such a 
simple half-space earth model, Okada1121 presented a 
whole set of analytical formulae for calculating co-seis-
mic displacements , tilts , and strain changes caused by 
shear and tensile dislocations. Okubo1"·"1 derived ex-
pressions in closed form to describe potential and gravi-
ty changes caused by dislocations. Because of their 
mathematical simplicity, these dislocation theories have 
been widely applied to the study of the earth' s respon-
ses to earthquakes or volcanoes in near field ( epicentral 
distsnce < 100 km). However ,for the far field deform-
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ations, the earth ' s curvature and layered structures are 
not negligible ( epicentral distance > 100 km) . To stud-
y the deformation in far field Sun et al[l?-20l and Polli-
tz[211 presented dislocation theories based on a spheri-
cally symmetric, non -rotating, perlectly elastic and iso-
tropic ( SNREI) earth model. For simplicity Sun and 
Okubo[!?] placed the point dislocation at the north pole 
( Fig. 1 ) . The deformations caused by a point disloca-
tion at any place can then be obtained by using the co-
ordinate-transformation method. The deformations of 
faults of finite size can be obtained by superposition of 
the results of point sources[221 . These theories are valid 
for studying deformations over the earth ' s entire sur-
face. Meanwhile, Okuho[23J presented a convenient 
method , the reciprocity theorem. According to this theo-
rem, earthquake-induced deformation on the earth ' s 
surlace can be expressed as a linear combination of de-
formations at the earthquake source caused by external-
ly applied load, such as tide. By using the reciprocal 
theorem , the co-seismic deformations can be calculated 
with high accuracy as well as less computation work:. 
Recently, Sun et al [ 191 developed from the theories of 
Sun and Okubo[ 171 and Tanaka et al[13 '24l a new visco-
elastic spherical earth model. With this model we can 
calculate post-seismic displacements and gravity chan-
ges in both near and far fields. Also Polltz[25 J and Fu 
and Sun[ 141 presented a 3-D heterogeneous spherical 
earth dislocation model , which can improve computation-
al precision, but is still not quite applicable in practice. 
In the present study , we have used the spherical dis-
location theory and calculated the co-seismic displace-
ments, strains , gravity and geoid changes caused by the 
2004 Sumatra earthquake over the surlace of the whole 
earth , including those in China Mainland and its vicini-
ty. Our calculations may provide theoretical supports for 
corresponding observations. 
e,(r) 
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Figure 1 Model for point dislocation in a spherical earth 
2 Comparison of observed and calcu-
lated co-seismic displacements in 
the Sichuan-Yunnan area 
2.1 GPS data and observed co-seismic displace-
ments 
The Crustal Movement Observation Network of China 
( CMONOC) was established jointly by China Earth-
quake Administration, Chinese Academy of Science, 
State Bureau of Survey and Mapping, and Bureau of 
Survey and Mapping, Headquarters of PLA General 
Staff, and consists of Global Positioning System ( GPS) , 
Gravity and some other observation networks. Before 
the 2004 Sumatra earthquake, three GPS observations 
were made in 1999, 2001 and 2004, respectively. To 
monitor the co-seismic displacement field caused by 
this great earthquake , one additional GPS observation 
was made by China Earthquake Administration in the 
Sichuan-Yunnan area. The observation was made with 
ASHTECH-12 equipments at 150 GPS stations for a-
bout 96 hours per station during a one-month period 
(from Jan. 15 to Feb. 15, 2005). The epicentral dis-
tance of the Sichuan-Yunnan area is about 2000 -4000 
k:m. 
Based on these data, Yang et al [9l presented a view 
of co-seismic horizontal displacement field in the Yun-
nan-Sichuan area ( Fig. 2 ( a) ) . The reference frame 
they used is ITRF2000. In order to better see the spa-
tial variation of the co-seismic displacement field , Yang 
et al [9J simulated the observed co-seismic displacement 
field in low-to-moderate frequency range by filtering out 
the high-frequency components( Fig. 2 (b)). From the 
figure , it may be seen that : 1 ) The amplitude of the co-
seismic displacements is relatively large in the southern 
parts of the Sichuan-Yunnan area and is gradually de-
creased to the north. 2 ) The direction of the co-seismic 
displacements also changes gradually from northwest in 
the north to southwest in the south. The dominant dis-
placement direction is southwest. 3 ) The amplitudes are 
mostly less than 10 mm in the north, and between 10 
and 20 mm in the south. 
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Figure 2 The observed co-seismic horizontal displacements ( a) and the simulated displacement 
components of low-to-middle frequencies( b) of the 2004 Sumatra earthquake in the 
Sichuan-Yunnan region. The broken lines denote active faults 
2. 2 Theoretical co-seismic displacements caused 
by the 2004 Sumatra earthquake 
Because of the inadequacy of the half-space dislocation 
theory to study far field deformations, we have used the 
spherical dislocation theory[ 19l to calculate the theoreti-
cal co-seismic displacements in the Yunnan -Sichuan 
area. The theory of Sun et al [I9J presented Green Func-
tions of co-seismic displacements based on the Prelimi-
nary Reference Earth Model ( PREM[ 26J). With these 
Green Functions we can directly calculate co-seismic 
displacements based on a suitable fault model. In this 
paper, we also present the results of using a half-space 
dislocation theory for comparison[Ill. 
In the literature, different scientists presented differ-
ent fault models for the 2004 Sumatra earth-
quake[3'1'27l. The earthquake-moment magnitudes they 
obtained varies between Mw9. 0 and Mw9. 3. The dif-
ferent moment-magnitude values are generally related 
to the dip angles of the fault models, and do not affect 
the theoretical far field deformations very much. In this 
study , we made the choice of using the fault model of 
Tsai et al [l8J , using a centroid-moment-tensor( CMT) a-
nalysis of the earthquake, in which multiple point 
sources are used in the inversion to mimic a propaga-
ting slip pulse ( Fig. 3 , The areas of the focal mecha-
nisms are proportional to their scalar moments, given 
next to each mechanism in units of 1 029 dyne - em . The 
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Figure 3 A fault model for the 2004 Sumatra eartbquake[28 J 
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Figure 4 The theoretical co-seismic horizontal displacements accompanied the 2004 Sumatra earthquake. ( a) Results 
calculated by the spherical dislocation theory[ 19 l ; (b) Results calculated by the half-space dislocation theory[ 12l. 
needles denote the strike directions of the shallowly 
dipping nodal planes; the black arrows denote the slip 
directions projected onto the horizontal plane. The gray 
arrows show the long-term plate motions of the Indian 
plate relative to the Eurasian plate). The fault model of 
Tsai et al [2SJ uses five point sources, with the southern 
sources accounting for the majority of the moment re-
lease. The fault planes of the southern sources strike 
northwest , while those in the north strike northeast , 
basically consistent with the geometry of the subduction 
trench. Fault slips are more oblique in the north than in 
the south. The moment magnitude of the fault model is 
about Mw = 9. 3, which is consistent with estimates 
from long-period normal-mode amplitudes. By directly 
using the Green Functions given by the spherical dislo-
cation theory[ 19 l , we have calculated the co-seismic 
field caused by each source , and then superposed all 
the displacements caused by the five sources to obtain 
the total co-seismic displacement field caused by the 
2004 Sumatra earthquake. Since the Green' s function 
is quite smooth in far field, the use of such a five-
source fault model is sufficient to meet the need. 
By using the spherical dislocation theory and the a-
bove-mentioned fault model, we have calculated the co-
seismic displacements at each GPS stations of the Yun-
nan-Sichuan Network( Fig. 4). As a whole the theoret-
ical displacements show the characteristics of being rel-
atively large in the south and small in the north. The 
maximum displacement is about 15 em; the directions 
are southwest. 
2. 3 Discussion 
The calculated displacements are generally consistent 
with the simulated observations in low-to-moderate fre-
quencies ( Fig. 2) . Such consistency shows the validity 
of using the fault model and the spherical dislocation 
theory in the present study. Significant discrepancies 
exist between the calculations and the observations in 
the northern part, i. e. , the western Sichuan province, 
where the directions of the observed displacements 
point to northwest , whereas the theoretical displace-
ments point to southwest. Also, the observed amplitudes 
are generally larger than the theoretical ones. This dis-
crepancy may be due to the existence of large active 
faults in that region. Also, being located near the east-
ern edge of the Tibet Plateau , the structure of the re-
gion is quite different from that of PREM. 
The five-source fault model of the 2004 Sumatra 
earthquake is obtained by the inversion of CMT 
data [zs] . Based on such a simple fault model we have 
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Figure 5 Calculated contour lines af co-seismic horizontal (a) and vertical (b) displacements 
that accompanied with the 2004 Sumatra earthquake {writ: mm) 
reproduced the observations well, indicating the useful-
ness of the spherical dislocation theory in explaining 
GPS observations. Thus we may use the fault model and 
the spherical dislocation model to calculate the co-seis-
mic deformations of the whole earth , including China 
mainland and its vicinity. In addition , we may obtain a 
more precise fault model of the 2004 Sumatra earth-
quake by using both GMT and GPS data in the inver-
sion. 
As mentioned previously, to examine the discrepancy 
between the spherical and the half-space dislocation 
theories, we have calculated co-seismic displacements in 
the Sichuan-Yunnan area caused by the 2004 Sumatra 
earthquake using the half-space dislocation theory at the 
same time ( Fig. 2 ( b) ) . Statistically, the results calcu-
lated by the half-space dislocation theory are about 1. 8 
times larger than those calculated by the spherical dislo-
cation theory. In short, the results calculated by the 
spherical dislocation theory explain the observation bet-
ter. Therefore, we ought to use the spherical dislocation 
theory to calculate far-field displacements. 
3 Co-seismic displacements over the 
whole earth 
Based on the fault model of Tsai et a! [2S] and the spher-
ical dislocation theory[l9J , we have calculated the co-
seismic displacement, strain, geoid and gravity changes 
over the whole surface of the earth by using the PREM 
earth model [26 ] • 
3. 1 Co-seismic displacements over the whole 
earth 
Fig. 5 ( a) and (b) show, respectively, the contour maps of 
calculated horizontal and vertical co-seismic displace-
ments over the whole surface of the earth. In Fig. 5 ( a) , 
red lines denote the displacement amplitude , and blue 
lines the direction ( the angle of the direction of dis-
placement from the east with counterclockwise rota-
tion). Relatively large displacements occurred on north-
east and southwest areas to the earthquake fault plane , 
where the directions of horizontal displacements maiuly 
point to the fault plane. Over about one of three nf the 
whole earth ' s surface, the horizontal displacements are 
larger than 0. 5 mm, which is basically observable with 
modem continuous GPS techniques. The dense blue 
lines in Fig. 5 ( a) indicate a rapid change nf the direc-
tion of horizontal displacements with change of location. 
In Fig. 5 ( b) , the red and blue lines indicate uplift and 
subsidence nf the earth' s surface, respectively. In the 
far field , the vertical displacements are relatively small , 
with an alternating up-down concentric distribution. 
3. 2 Co-seismic strains over the whole earth 
Fig. 6 shows contour maps of the calculated co-seismic 
strains over the whole earth caused by the 2004 Suma-
tra earthquake. The volumetric strains, given in Fig. 6 
( a) , show a quasi -quadrant distribution in the near 
field. In general, the strains are positive ( tensile) in the 
west and east quadrants, and negative (compressive) in 
the south and north quadrants. In near field, positive 
strains are dominant. At increasing epicentral distance , 
all volumetric strains become positive, but change back 
to negative again at the farthest distances. Fig. 6 ( b) 
shows co-seismic strains in EW direction ( &Ew ) • Be-
cause that the earthquake occurred on an oblique thrust 
fault plane in approximately NS direction , negative e EW 
(tensile strain) is dominant as a whole. Except a very 
small area near the fault plane, the positive &Ew ouly 
exists in very far field with very small values. Fig. 6 (c) 
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shows the co-seismic strain in NS direction ( &Ns ) . In 
contrast to the case of eEW, positive eNs is dominant. Al-
so, the amplitude of eNS is larger than that of BEW· Fig. 
6 ( d) shows the shear strain T EW-Ns , which again is in a 
quadrant pattern. By using &Ew ,eNs and TEw-Ns, we may 
calculate the strain in any arbitrary direction. These 
strains are observable with modem geodetic techniques 
at epicentral distances up to 5000 km. 
Co-seismic strain caused by this earthquake was de-
tected by a laser strainmeter in Kamioka, Gifu, Japan, 
which has an epicentral distance of about 5600 km. 
This strainmeter is installed at a 1 km deep gneiss tnn-
nel( Latitydu: 36. 43°; Longitude: 137. 31 o; Height: 358 
m). The observed co-seismic eNS is about 1. 5 X 10 -•, 
and &Ew is negligibly small. Tills result is comparable to 
our theoretical result in amplitude ,&Ew = -0. 2 X 10 _, 
and &Ns = 1. 1 X 10 -• , but opposite in direction ( ob-
served compression vs. calculated extension) . Such dis-
crepancy may be caused by the 3-D heterogeneous 
structures of the earth. Thus, to better interpret the 
strain observations , using a dislocation theory based on 
a 3-D heterogeneous earth model is important. 
3. 3 Co-seismic geoid and gravity changes on the 
whole earth 
Fig. 7 shows the geoid and gravity changes caused by 
the 2004 Sumatra earthquake ( (a) geoid changes in u-
nit of mm. (b) gravity changes in unit of 10 -• ms -z) . 
In the near field , both geoid and gravity changes show a 
two-ear pattern distribution. But in the far areas they 
change to a quasi -concentric elliptical pattern. The dis-
tribution of gravity changes are baaically the same as 
those of vertical displacements. The spatial variation of 
the geoid changes is relatively smooth. 
4 Co-seismic displacements in China 
mainland and Its vicinity 
The co-seismic deformations caused by the 2004 Suma-
tra earthquake are relatively large in the areas northeast 
Figure 6 Contour lines of calculated co-seismic strains caused by the 2004 Sumatra earthquake. ( a) V olum.etric strains; 
(b) Strains in EW direction( sEW} ; (c) Strains in NS direction( eNs) ;and( d) the corresponding shear strains( TEw-NS). 
The red and blue lines denote the tensile and compressive strains, respectively( unit: 10 _g} 
Figure 7 Contour lines of co-seismic geoid changes ( a) and gravity changes ( b} caused by the 2004 
Sumatra earthquake. The red and blue lines give the positive and negative values respectively 
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and southwest to the fault plane. Since much of such 
areas are covered by sea water, China Mainland and its 
vicinity becomes the most suitable region for studying 
the far-field earthquake deformations. Here: 1) The epi-
central distances are relatively large; 2) the deforma-
tions can be observed and, in fact, have been ob-
served [ 4 ' 8 ' 9l. Thus, in this paper we show the calculat-
ed displacements, strains , geoid and gravity changes ac-
companied with the 2004 Sumatra earthquake in China 
Mainland and its vicinity. 
4. 1 Co-seismic displacements 
Fig. 8 shows the co-seismic displacements m China 
Mainland and its vicinity caused by the 2004 Sumatra 
earthquake. In most parts of eastern and central China 
Mainland , the horizontal displacements are about 1-10 
mm, decreasing from south to north. In southern and 
central China Mainland , the horizontal displacements 
are all larger than 2 mm. The directions of horizontal 
displacements vary smoothly between 210°-260° ,point-
ing mainly south -southwest to the epicenter. The co-seis-
mic horizontal displacements in Tibet and Xinjiang areas 
are too small to be observed by GPS. The vertical dis-
placements show an oval-pattern distribution. In gener-
al , the vertical displacements are smaller than the hori-
zontal by about an order of magnitude ; they are no more 
than 2 mm and mostly less than 1 mm. In southern Chi-
na mainland the earth ' s surface subsided during the 
earthquake. The subsidence decreased smoothly from 
south to north , and tum to uplift in northeast China and 
in a few northern parts of Xinjiang area. In view of the 
relatively poor capability of GPS instruments in detec-
ting vertical movement , these vertical displacements are 
80"E 90"E lOO"E llO"E 120"E 130"E 
(a) 
not easily observable by current GPS techniques. 
4. 2 Co-seismic strains 
The volumetric strains ( Fig. 9 ( a) ) caused by the 2004 
Sumatra earthquake are generally positive ( dilatation) 
in the eastern part and negative ( compression) in the 
western part of China, with larger amplitudes in the 
south than in the north. The maximum strains ( about ( 4 
- 5) X 10-9 ) are distributed in the southern part of 
Yunnan province. The tensile strains in eastern and 
central China are about ( 0. 5 - 5) X 10-9 , changing 
with location slowly in eastern China but rapidly in 
central China. In Tibet and Xinjiang areas, the volumet-
ric strains are compressive and show little change. The 
strains in the EW direction ( Fig. 9 ( b ) ) are all com-
pressive, decreasing slowly from south to north. The 
strains in NS direction ( Fig. 9 ( c) ) show a similar pat-
tern as the volumetric strains: positive in the east, and 
negative in the west; large in the south, and small in the 
north. The NS strain amplitudes are as large as ( 15 -
20) X 10 -9 , and are thus easily observable. The shear 
strains are mostly negative except in a few small areas 
in western China ( Fig. 9 ( d) ) . They can be observed 
with modem geodetic equipment. 
4. 3 Co-seismic geoid and gravity changes 
In most parts of China mainland and its vicinity, the ge-
oid changes (less than 1 mm) are negative, with ampli-
tude decreasing slowly from south to north, then chan-
ging to positive, with an oval-pattern distribution( Fig. 10 
( a ) ) . The distribution pattern of co-seismic gravity 
changes (Fig. 10 ( b) ) is somewhat similar to that of ge-
oid changes, with amplitudes less than 0. 5 X 10-8 ms -z. 
Figure 8 Contour lines of co-seismic displacements caused by the 2004 Sumatra earthquake in China mainland 
and its vicinity. (a) Horizontal displacements. Red lines denote the amplitude of the displacements; 
Blue lines show the displacement directions. (b) Vertical displacements. Red and blue lines 
indicate uplift and subsidence of earth ' s surface, respectively ( unit: mm) 
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Figure 9 Contour lines of co-seismic strains caused by the 2004 Sumatra earthquake in China mainland and its vicinity. 
(a) Volumetric strains; (b) Strains in EW direction( eEW) ; (c) Strains in NS direction( eNs) ;and( d) the corresponding 
shear strains ( '~'"Ew-Ns). The red and blue lines denote tensile and compressive strains ,respectively( unit: 10 -9) 
Figure 10 Contour lines of co-seismic geoid changes ( a) and gravity changes (a) in China Mainland and its vicinity 
caused by the 2004 Sumatra earthquake. The unit of geoid changes is mm. The unit of gravity changes is 10 -a ms -z 
5 Concluding remarks 
Based on a five-source fault model of the 2004 Sumatra 
earthquake[" I , we have calculated the co-seismic dis-
placement, strain , geoid and gravity changes caused by 
the earthquake, using a spherical dislocation theory["!. 
In this paper, we show the distribution patterns of those 
deformations over the whole earth surface. Since China 
mainland and its vicinity is one of the best areas to 
study the far field deformations caused by this earth-
quake, we also show the contour maps in detail for this 
region. We also discuss the delectability of these de-
formations by modem geodetic techniques. 
Our calculations are carried out on the basis of 
PREM, a spherically symmetric earth model ["'I. Theoret-
ical deformations obtained by this approach basically 
can meet the need of modem geodetic observations. 
However, if theoretical deformations of higher accuracy 
are desired, we snggest the use of a 3-D heterogeneous 
earth dislocation theory and a more precise fault model. 
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